Antisense RNAs regulate the transcription and translation of the corresponding sense genes. Here, we report that an antisense RNA, AS-RBM15, is transcribed in the opposite direction within exon 1 of RBM15. RBM15 is a regulator of megakaryocyte (MK) differentiation and is also involved in a chromosome translocation t(1;22) in acute megakaryocytic leukemia. MK terminal differentiation is enhanced by up-regulation of AS-RBM15 expression and attenuated by AS-RBM15 knockdown. At the molecular level, AS-RBM15 enhances RBM15 protein translation in a CAP-dependent manner. The region of the antisense AS-RBM15 RNA, which overlaps with the 5 0 UTR of RBM15, is sufficient for the up-regulation of RBM15 protein translation. In addition, we find that transcription of both RBM15 and AS-RBM15 is activated by the transcription factor RUNX1 and repressed by RUNX1-ETO, a leukemic fusion protein.
Introduction
Long non-coding RNAs (lncRNAs) by definition are RNA molecules longer than 200 nucleotides without protein coding potential. The total number of non-coding RNA genes are greater than the number of protein-coding genes in the human genome and are involved in various aspects of biological functions including cell fate decisions [1] . lncRNAs play vital roles in self-renewal of hematopoietic stem cells and malignant hematopoiesis [2] [3] [4] . Inhibition of a long intergenic non-coding RNA (lincRNA-EPS) blocks erythroid differentiation by promoting apoptosis in erythroid cells [5] . Linc-RNA HOTAIRM1, which is transcribed between the HOXA1 and HOXA2 genes in the HOXA cluster, controls myeloid cell development by facilitating the retinoic acid-mediated transcriptional activation of HOXA1 and HOXA4 [6] . lncRNA NRON is associated with cytoplasmic RNA-protein scaffold complex and controls the export of NFAT and hence the production of NFAT-dependent cytokines in T-cell differentiation [7] . Many lineage-specific lncRNA genes were identified in mouse erythroblasts, megakaryocytes, and megakaryocyteerythroid progenitors by using RNA-seq analysis [8, 9] .
Based on chromosomal locations, lncRNAs are further divided into several groups: antisense, intronic, bidirectional, intergenic, and overlapping lncRNAs [10] . Transcription of antisense RNA is initiated in the opposite direction either within the gene body of its sense counterpart or at the end of its sense transcript. Termination of antisense RNA transcription can occur inside of the sense gene or somewhere upstream of the sense gene transcription start site. Genome-wide analysis shows that sense-antisense (S/AS) pairs account for more than 20% of human genes. Relative to sense genes, antisense genes are transcribed head-to-head, tail-to-tail, and fully overlapping [11, 12] . The biological functions as well as the functioning mechanisms of antisense RNAs are very diverse [11, [13] [14] [15] . Antisense p15 overlaps completely with the sense p15 transcript for silencing the p15 gene epigenetically [16] . c-Myc [17] , Pu.1, p53, WT1, and RBM15 antisense RNAs do not overlap with their sense genes completely. The p53 gene locus has an antisense RNA gene (Wrap53). Exon 1 of Wrap53, which overlaps with p53 exon 1, is responsible for up-regulation of p53 mRNA as well as p53 protein [18] . In addition, Wrap53 RNA has been shown to bind to CTCF to modulate the transcription of both Wrap53 and p53 [19] . An antisense RNA is transcribed from the transcription factor PU.1 locus [20] . In that case, the antisense RNA of PU.1 attenuates PU.1 protein translation by serving as a decoy to compete away the translational machinery from PU.1 mRNA. The whole process resembles the antisense RNA from bacteria SymE [21] . WT1, another transcription factor related to multiple organ development including blood, has a lncRNA (WT1-AS) transcribed from the WT1 intron 1 in the opposite direction [22] . Expression of AS-WT1 exon 1 elevates WT1 protein level [23] . AS-Uchl1, an antisense RNA transcribed from the Uchl1 gene locus in brain, enhances the CAP-independent protein translation of Uchl1 mRNA via their overlapping region and a SINEB2 repeat [24] . Antisense RNA ZEB2-AS1 controls alternative splicing of ZEB2 pre-mRNA, which introduces an IRES element to promote ZEB2 mRNA protein translation [25] . Here, we describe a new long antisense RNA, AS-RBM15, which is transcribed from the RBM15 gene locus.
RBM15, an RNA binding protein, promotes megakaryocyte (MK) terminal differentiation [26] . RBM15 belongs to the SPEN (split end) family of evolutionarily conserved proteins involved in cell fate decisions [27] . Previously, we demonstrated that RBM15 regulates alternative RNA splicing of a few key transcription factors including GATA1 and RUNX1 in MK differentiation [28] . RBM15 is chromosome translocated t(1;22) in infant acute megakaryocytic leukemia [29] . The translocation generates a fusion protein, RBM15-MKL1, which leads to haploid deficiency of RBM15 expression. Given that RBM15 is required for MK differentiation, low expression of RBM15 in RBM15-MKL1-initiated leukemia may be a causal factor.
In this report, we characterize a human antisense lncRNA (AS-RBM15) transcribed head-to-head with RBM15. AS-RBM15 augments CAP-dependent RBM15 protein translation via the overlapping regions and promotes MK terminal differentiation. lncRNA genes, like protein-coding genes, are regulated by transcription factors. RUNX1 (aka AML1) is a master transcription factor for hematopoiesis, especially for megakaryopoiesis [30] [31] [32] [33] . We discovered that RUNX1 controls transcription of the lncRNA gene AS-RBM15 as well as RBM15. Given that both RUNX1 and RBM15 are involved in chromosome translocations, down-regulation of AS-RBM15 may contribute to the genesis of both AML1-ETO and RBM15-MKL1 initiated leukemia.
Results

AS-RBM15 is an antisense lncRNA of RBM15
RBM15 is located on human chromosome 1 (1p13.3). A long noncoding RNA gene (ENSG00000227963), which we refer to here as AS-RBM15, is transcribed in the opposite direction at +666 bp downstream of the RBM15 transcription start site. According to the ENSEMBL annotation, AS-RBM15 consists of 4 exons. Exon 1 (175 nucleotides) of AS-RBM15 is found within the 5 0 UTR of RBM15 mRNA ( Fig 1A, also in Fig EV1A) . We cloned the full-length AS-RBM15 (2.6 kb) from MEG-01 cells. The putative open reading frame (ORF) in AS-RBM15 exon 4 (from 1,508 nt to 1,804 nt) has no matched protein domains in the PFAM database [34] . PhyloCSF, used to distinguish protein-coding RNAs from non-coding RNAs [35] , also scored negative for the protein coding potential of AS-RBM15 ( Fig  EV1B) . CPAT, another protein coding potential analysis program [36] , rated AS-RBM15 ORF 0.029 lower than the cutoff score (0.364) for a protein-coding transcript (Fig EV1C) . Based on these algorithms, we conclude that AS-RBM15 encodes a long non-coding RNA. Given that the repeat element SINEB2 in lncRNA AS-Uchl1 is a functional element for protein translation [24] , we analyzed the AS-RBM15 sequence using RepeatMasker finder (http://www.repeatmasker.org). We found five repeat elements in exon 4 and one AluSx element in exon 2 (from nucleotide 170 to 294) of AS-RBM15 (Fig EV1D) .
RBM15 protein is ubiquitously expressed in many tissues but is higher in blood lineages [37] . We analyzed the expression levels of AS-RBM15 and RBM15 using RNA-seq data from blood lineages directly sorted from human cord blood cells [38] . AS-RBM15 RNA levels are about ten-fold less than RBM15 mRNA levels in different blood lineages. While RBM15 mRNA levels fluctuate within a twofold range, AS-RBM15 RNA levels decrease as hematopoietic stem cells differentiate into megakaryocyte-erythrocyte progenitor cells (MEP) and then increase as MEP cells give rise to MK progenitor cells (Fig 1B) . MEG-01 cell line was established from acute megakaryocytic leukemia cells with MK maturation potentials upon PMA stimulation [39] . We also found that AS-RBM15 expression was up-regulated in both MEG-01 cells (Fig 1C) and human CD34 + cells (Fig 1D) grown in pro-MK differentiation culture systems over a time course. These results indicate that AS-RBM15 may promote MK differentiation.
AS-RBM15 promotes MK terminal differentiation
Human cord blood CD34 + cells were transduced with a lentivirus co-expressing AS-RBM15 and GFP. The GFP-positive cells were sorted for CFU-MK assays. The colonies of MK origin were counted by acetylcholinesterase assays [40] . We found that cells transduced with lentivirus expressing AS-RBM15 produced significantly less colonies than the control cells transduced with an empty lentiviral vector (Fig 2A) plasmids expressing AS-RBM15 (Fig EV3A) . In contrast, knockdown of AS-RBM15 in MEG-01 cells reduced the protein level but not the mRNA level of RBM15 (Fig 3B) . Moreover, only D3 truncation and exon 1 truncation but not D5 truncation elevated RBM15 protein levels, which is consistent with AS-RBM15's role in MK differentiation (Fig 3C) . A reporter with the 5 0 UTR of RBM15 mRNA ligated to firefly luciferase and followed by an IRES element controlling Renilla luciferase as an internal control was used to test the effect of AS-RBM15 on protein translation (Fig 3 D) . Both the full-length and exon 1 AS-RBM15 generated higher luciferase counts which means higher efficiency of protein translation, while D5 AS-RBM15 cannot stimulate the protein translation via 5 0 UTR. As a negative control,
we demonstrated that AS-RBM15 did not enhance the translation of luciferase mRNA without RBM15 5 0 UTR. Data information: P-values were calculated using one-way ANOVA (*P < 0.05, **P < 0.01, and ***P < 0.001).
ª A CFU-MK assays with CD34 + cells expressing AS-RBM15. MK colonies staining for acetylcholinesterase activity were counted (right). P-value was calculated using Student's t-test (n = 3, mean AE SD). B The number of CD41 + CD42 + mature MK cells was determined by FACS analysis. CD34 + cells expressing sh-AS-RBM15 were grown in pro-MK medium containing thrombopoietin and stem cell factor (TPO/SCF) for 5 days. The CD41 + CD42 + cell percentages were analyzed using one-way ANOVA, **P < 0.01 (n = 4, mean AE SD). + cells in CD34 + cells expressing AS-RBM15 exon 1 were determined by FACS analysis after these cells were grown in pro-MK medium for 5 days. P-value was calculated by Student's t-test, **P < 0.01 (n = 3, mean AE SD). A RBM15 protein levels in leukemia cell lines (MEG-01, K562, HEL) were assessed by Western blotting (WB; left) (n = 3). The mRNA levels of RBM15 in cells overexpressing AS-RBM15 were measured by real-time PCR (right, n = 3, mean AE SD). GAPDH was used as an internal control for WB and PCR. B Protein levels (left) and mRNA levels (right) of RBM15 in MEG-01 cells expressing two different shRNAs against AS-RBM15, respectively, were measured using WBs and real-time PCR assays, respectively (n = 3, mean AE SD). ***P < 0.001; NS: not significant with Student's t-test. C Protein levels (left) and mRNA levels (right) of RBM15 in MEG-01 cells expressing truncated AS-RBM15 RNAs (the schematic as shown on Fig 2C) were measured using WB and real-time PCR, respectively (n = 3, mean AE SD). D The role of AS-RBM15 in protein translation was assessed by reporter assays. The reporter under control of the CMV promoter contains the 5 0 UTR of RBM15 mRNA ligated to firefly luciferase followed by an IRES element controlling Renilla luciferase as an internal control. The reporter plasmid was co-transfected with plasmids expressing full-length, exon 1 and D5 AS-RBM15, respectively. The vector reporter without 5 0 UTR is a negative control (n = 3, mean AE SD). P-values were calculated by one-way ANOVA (*P < 0.05, **P < 0.01).
EMBO reports
Source data are available online for this figure. EMBO reports AS-RBM15 lncRNA enhances RBM15 protein translation Ngoc-Tung Tran et al polysome profiles (Fig 4A) , indicating AS-RBM15 does not have a global impact on protein translation. However, the peak polysome fraction containing RBM15 mRNA was shifted to higher molecular weight fractions when the full-length AS-RBM15 and the exon 1 truncation were overexpressed, indicating that the full-length AS-RBM15 and the exon 1 truncation enhanced the RBM15 protein translation (Fig 4B, top panel) . Conversely, when AS-RBM15 was knocked down by shRNA, the peak polysome fraction containing RBM15 mRNA was shifted to lower molecular weight fractions ( Fig 4B, top panel) , indicating that the translation rate of RBM15 mRNA was reduced. In addition, the D5 truncation did not change the polysome profile (Fig EV4) . Neither overexpression nor knockdown of AS-RBM15 changed the polysomes profile of GAPDH mRNA ( Fig 4B, middle panel) . In aggregate, we conclude that AS-RBM15 specifically enhances the translation efficiency of RBM15 mRNA via exon 1. Strikingly, we found that AS-RBM15 co-migrated with RBM15 mRNA in sucrose gradients indicating that AS-RBM15 may be incorporated into translational machinery associated with RBM15 mRNA (Fig 4B, bottom panel) . We fused AS-RBM15 and its truncations to MS2 RNA, so that the AS-RBM15 RNA and its truncations can be pulled down by HA-tagged MS2-binding protein as described [41] . We found that RBM15 mRNA was associated with AS-RBM15-MS2 RNA, Δ3-MS2 RNA, and exon 1-MS2 RNA in HA immunoprecipitation assays (Fig 4C) , while Δ5-MS2 RNA showed a modest interaction with RBM15 mRNA. As a control, we found that the MS2 fusions still enhanced RBM15 protein translation (Fig 4D) . The data implies that the endogenous AS-RBM15 RNA may interact with RBM15 mRNA via the overlapping region for enhancing protein translation. To further validate that AS-RBM15 binds to RBM15 mRNA, we used proteinase K to digest proteins in extracts of 293T cells expressing AS-RBM15-MS2. The purified RNA was denatured by heating to 94°C for 5 min and then loaded onto an affinity column with immobilized HA antibody bound to HA-MS2BP protein. We detected the association of RBM15 mRNA to AS-RBM15 only under no-heating condition, which suggests that AS-RBM15 binds to RBM15 mRNA (Fig 4E) . To demonstrate whether the endogenous association between RBM15 mRNA and exon 1 AS-RBM15 can be formed in leukemia cells, we treated phenolextracted RNA with RNase A that digests single-stranded RNA but not RNA duplex or protein-RNA complex [42] . PCR was performed with cDNA synthesized from the RNase A-treated endogenous RNA. We only detected RNA from exon 1 (Fig 4F) . In aggregate, we conclude that endogenous AS-RBM15 enhances RBM15 protein translation via association with RBM15 mRNA.
Rapamycin treatment for a short time inhibits CAP-dependent protein translation [43] . We treated MEG-01 cells expressing AS-RBM15 with rapamycin for 45 min. Given that rapamycin treatment reduced RBM15 protein level (Fig 4G) , AS-RBM15 did not direct the RBM15 mRNA to translate protein in a CAP-independent manner ◀ Figure 4 . AS-RBM15 enhances RBM15 protein translation.
A Cytoplasmic extracts from MEG-01 cell lines stably expressing AS-RBM15, exon 1, or shRNA-02 against AS-RBM15 were fractionated through sucrose gradients (15-60%) (n = 4). Global polyribosome profiles of these cell lines were generated by UV absorbance at 254 nm (A 254 ). The arrow indicates increasing polyribosome weights. Low molecular weight, LMW; high molecular weight, HMW. B The distributions of RBM15 mRNA (top), GAPDH mRNA (middle), and AS-RBM15 (bottom) were measured by real-time PCR and represented as percentages of total RNA in the fractions (n = 3). C MS2 pull-down assays: Full-length (FL) AS-RBM15 and exon 1 AS-RBM15 were fused to MS2 RNA as baits. Plasmids expressing MS2-binding protein (HA-tagged) and fusion baits were co-transfected into 293T cells. HA antibody was used to immunoprecipitate HA-MS2-binding protein as shown by a WB on the bottom panel. RBM15 mRNA and MS2 fusions were assessed by real-time PCR (n = 3, mean AE SD). Fold enrichment was calculated as 2 to the power of [(C I.R -C b.R )-(C I.MS2 -C b.MS2 )]. I: input, that is, the RNA in solution before immunoprecipitation, R: RBM15 mRNA, b: bead-bound mRNA, MS2: RNA levels of MS2 fusions, C: number of cycles in realtime PCR. One-way ANOVA for P-value: *P < 0.05. D WB analysis of the endogenous RBM15 protein levels in 293T cells overexpressing two different doses of AS-RBM15-MS2 and MS2 (n = 3). E RBM15 mRNA interacts with AS-RBM15 via RNA-RNA interaction. AS-RBM15-MS2-associated RNAs were purified by phenol extraction and measured by reverse transcription and PCR for detection of RBM15, AS-RBM15, and MS2 under denaturing (heat) and non-denaturing conditions (n = 3). F RNase A protection assays for detecting endogenous association of AS-RBM15 and RBM15 mRNA (n = 4). RNA was extracted from MEG-01 cells with phenol and digested with RNase A. cDNA was synthesized after RNase A treatment and detected using AS-RBM15 exon-specific primers as shown in the schematic diagram on top. RT: reverse transcriptase. G MEG-01 cells expressing AS-RBM15 or vector control were treated with DMSO or rapamycin for 45 min. Cells were harvested for WB using antibodies against GAPDH and RBM15 (n = 2). H The RBM15 5 0 UTR reporter remains sensitive to rapamycin treatment with or without overexpression of antisense AS-RBM15 (n = 4, mean AE SD). P-values were calculated by one-way ANOVA (**P < 0.01 and ***P < 0.001).
Source data are available online for this figure. Ngoc-Tung Tran et al AS-RBM15 lncRNA enhances RBM15 protein translation EMBO reports similar to another antisense RNA AS-Uchl1 [24] . To further prove that RBM15 5 0 UTR-mediated protein translation is CAP-dependent, we measured the luciferase counts expressed from the reporters with or without the treatment of rapamycin. Again, rapamycin inhibits RBM15 5 0 UTR function (Fig 4H) .
Cytoplasmic AS-RBM15 is up-regulated during MK differentiation
Given that AS-RBM15 regulates protein translation, we expected that AS-RBM15 would mainly reside in the cytoplasm. We fractionated MEG-01 cells into cytoplasmic and nuclear fractions to examine A RUNX1 expression levels in human CD34 + cells grown in pro-MK medium in a time course were measured by real-time PCR (n = 4, mean AE SD).
B CD34 + cells were grown in pro-MK medium for 5 days and stained with antibodies against CD41 and CD42 for flow cytometric analysis. The CD41 + CD42 + cell percentages were analyzed using one-way ANOVA, *P < 0.05 (n = 4, mean AE SD). C The mRNA expression levels of RUNX1, RBM15, and AS-RBM15 in RUNX1 knockdown MEG-01 cells were measured by real-time PCR (n = 4, mean AE SD). D Chromatin immunoprecipitation using anti-RUNX1 antibody. Immunoprecipitated DNA fragments were measured by real-time PCR using HEL cells expressing shRUNX1 and control (n = 4, means AE SD). E CD34 + human cord blood cells were transduced with MIG retroviruses co-expressing A/E (AML1-ETO, aka RUNX1-ETO) and GFP. Around 5 days after transduction, the GFP + CD11b À cells were sorted for real-time PCR (n = 4). See also Fig EV6 for RUNX1 -ETO binding profile on RBM15 locus.
Data information: Data are presented as mean AE SD. P-values were determined using a Student's t-test (E), one-way ANOVA (A, C), and two-way ANOVA (D) (*P < 0.05, **P < 0.01, and ***P < 0.0001).
EMBO reports Vol 17 | No 6 | 2016 ª 2016 The Authors the distribution of AS-RBM15. Strikingly, most of the AS-RBM15 RNA actually was inside the nucleus (Fig EV5) . However, when we treated MEG-01 cells with PMA to induce MK differentiation, we found the substantial increase of AS-RBM15 RNA in the cytoplasmic fraction (Fig EV5) . Next, we took CD34 + cord blood cells grown in TPO-containing medium for subcellular fractionation. Within 5 days, a larger proportion of AS-RBM15 was identified in the cytoplasm as the cells differentiated into MK cells (Fig 5) . Thus, pro-MK differentiation signals regulate the AS-RBM15 RNA level in the cytoplasm.
RUNX1 activates the transcription of RBM15 and AS-RBM15
Long non-coding RNA genes are regulated by master transcription factors for hematopoiesis [4] . Available RUNX1 ChIP-seq data showed that RUNX1 binds to several regions both upstream and downstream of the RBM15 transcriptional start site (Fig EV6) [ [44] [45] [46] [47] . We found a gradual increase of RUNX1 expression in CD34 + cells grown in pro-MK differentiation medium (Fig 6A) , while RUNX1 knockdown in CD34 + cells attenuated MK terminal differentiation as measured by CD42 + CD41 + cell populations (Fig 6B) . In addition, the RNA levels of both RBM15 and AS-RBM15 were significantly decreased (Fig 6C) in RUNX1 knockdown cells. To investigate whether RUNX1 directly regulates RBM15 and AS-RBM15 transcription, we performed chromatin immunoprecipitation assays to show that RUNX1 binds to several regions of the RBM15 promoter (Fig 6D) . The results are consistent with published RUNX1 ChIP-seq data (Fig EV6A-C) . Taken together, these results show that RUNX1 regulates the transcription of RBM15 and AS-RBM15. Chromosome translocation t(8;21) produces the RUNX1 (aka AML1) and ETO1 fusion which is found in over 20% of acute myelogenous leukemia (AML) patients. Meta-analysis indicates that RUNX1-ETO binds to the RBM15 promoter (Fig EV6D) [47] . We overexpressed RUNX1-ETO in cord blood CD34 + cells and found that RUNX1-ETO repressed the transcription of both RBM15 and AS-RBM15 (Fig 6E) . Thus, we conclude that RBM15 and AS-RBM15 are both regulated by RUNX1 and RUNX1-ETO.
Discussion
In this report, we demonstrate that the antisense RNA AS-RBM15 promotes protein translation of the sense RBM15 mRNA via the overlapping region of the sense/antisense (S/AS) pair as summarized in Fig 7. Genes with S/AS pairs are prevalent in mammalian genomes. An antisense RNA of AS-Uchl1 can enhance protein translation of its sense mRNA counterpart via both the overlapping region and an SINEB2 element [24] . Furthermore, AS-Uchl1 dictates the protein translation of Uchl1 mRNA in a CAP-independent manner as probed with rapamycin treatment. Here, we offer an example that AS-RBM15-enhanced translation only requires the overlapping region but is still sensitive to rapamycin treatment (Fig 4G and H) , which implies that even in the presence of AS-RBM15, RBM15 protein translation requires a 5 0 CAP of RBM15 mRNA for the formation of translational initiation complex. Of note, the overlapping region between AS-RBM15 and RBM15 is deep inside the 5 0 UTR of RBM15 mRNA (Fig 1A) , thus scanning 5 0 CAP of RBM15 mRNA may still be required to initiate protein translation. Further investigation to identify proteins associated with S/AS pair will offer definitive mechanistic details for antisense RNA-mediated protein translation. AS-RBM15 is primarily a nuclear RNA. When stimulated for differentiation, the amount of AS-RBM15 in the cytoplasm increases, while the amount of RBM15 mRNA does not increase in the cytoplasm. Thus, AS-RBM15-mediated enhancement of protein translation is a response to signals for cellular differentiation. RBM15 was initially identified as a leukemic chromosome translocation that produces a fusion protein RBM15-MKL1 involved in pediatric acute megakaryocytic leukemia [29, 48] . Later RBM15 was found to be essential for stress responses in hematopoietic stem cells and for megakaryocyte differentiation [26, 49] . Like RBM15, RUNX1 is required for the self-renewal of hematopoietic stem cells and for megakaryocyte differentiation [30, 31] . Therefore, RUNX1 is epistatic to RBM15 in hematopoiesis. Meta-analysis of transcription factors binding to the RBM15 promoter reveals that RUNX1 binds to the RBM15 promoter (Fig EV6) [44] . We further demonstrated that RUNX1-ETO (aka AML1-ETO), a well-studied fusion oncogene, represses the expression of RBM15 and AS-RBM15. Thus, RBM15-mediated regulation may be a common denominator for leukemia initiated by AML1-ETO and RBM15-MKL1.
We also investigated whether the mouse Rbm15 locus contains a long antisense RNA. After analyzing the CAGE database in detail [50] , we found that antisense RNA is transcribed from the mouse locus. At the primary sequence level, the AS-Rbm15 RNA is very different from human AS-RBM15. However, the mouse AS-Rbm15 does overlap with the 5 0 UTR of mouse RBM15 mRNA (data not shown).
We expect that the function of AS-Rbm15 to promote Rbm15 translation is evolutionarily conserved. Figure 7 . AS-RBM15 controls RBM15 protein translation in megakaryocyte differentiation.
A B
A Exon 1 of AS-RBM15 antisense RNA is used to enhance RBM15 protein translation via incorporation into the RBM15 mRNA-containing polysome via putative RNA interaction. Given that RBM15 protein translation in the presence of AS-RBM15 is rapamycin-resistant, the 5 0 CAP of RBM15 mRNA is needed for scanning of the protein translation initiation complex consisting of eIFs (eukaryotic initiation factors). The repeat elements such as AluSx may play no roles in protein translation. B During megakaryocyte terminal differentiation, AS-RBM15, activated by RUNX1 at transcriptional level, elevates RBM15 protein via translation. Thus, AS-RBM15 increases the dosage range of RBM15 during MK terminal differentiation.
ª
In summary, we reveal a new protein translation mechanism mediated by an antisense RNA. Many antisense RNAs may apply the same strategy used by AS-RBM15 to regulate protein translation of the sense counterpart. The sense and antisense RNA pair works as a regulatory unit to fine-tune megakaryocyte differentiation by widening the RBM15 protein dosage range.
Materials and Methods
Cell culture
MEG-01 cells (ATCC CRL-2021) were cultured in RPMI 1640 (GIBCO, NY) medium supplemented with 10% FBS and 1% penicillin/streptomycin. The cells were treated with phorbol myristate acetate (10 nM PMA) to induce megakaryocyte differentiation. Subcellular fractionation was performed as described previously [51] . RNA was extracted from these fractions using TRIzol (Invitrogen, CA).
Human cord blood CD34 + cells purchased from Cincinnati Children's Hospital were cultured in IMDM (Invitrogen, NY) supplemented with 20% BIT 9500 (Stem Cell Technologies), 100 ng/ml human recombinant stem cell factor (SCF), 100 ng/ml human recombinant FLT3, 50 ng/ml hIL-6, and 20 ng/ml hTPO. All cytokines were purchased from Peprotech, NJ. To induce megakaryocyte differentiation, cells were cultured in IMDM supplemented with 20% BIT 9500, 50 ng/ml TPO, and 2 ng/ml SCF.
Megakaryocyte colony formation assays
Human cord blood CD34 + cells were infected with lentiviruses expressing AS-RBM15 and GFP. The GFP-positive cells were sorted. Five thousand GFP-positive cells were plated into one 6-cm dish of MegaCult medium containing thrombopoietin, IL-3, and IL-6 (StemCell Technology, Vancouver, Canada). The colonies formed by megakaryocyte progenitor cells were verified by acetylcholinesterase staining [40] . Briefly, colonies were air-dried before staining. The acetylcholinesterase substrate solution was made by dissolving 10 mg of acetylthiocholine iodide in 15 ml of 0.1 M dibasic sodium phosphate (pH 6.0). Before staining, 1 ml of 0.1 M sodium citrate, 2 ml of 30 mM copper sulfate, and 2 ml of 5 mM potassium ferricyanide were added to produce the complete staining solution. The air-dried cells or colonies were incubated in staining solution for 5 h at ambient temperature. The staining solution was replaced with 95% ethanol, and the colonies were fixed for 10 min. Hematoxylin solution was used to counterstain for 30 s. Dishes were rinsed with running tap water, incubated with saturated Li 2 CO 3 for 30 s, and washed under the running tap water again. MK cells or colonies (acetylcholinesterase-positive) were visualized under a light microscope.
Retrovirus production and transduction
AS-RBM15 and its truncations were cloned into pBGJR lentiviral vectors that use the EF1a promoter to express inserts [52] . Primers for cloning AS-RBM15: TTAATCGGTCCGGGACAAAAAGTCTGCCC TGT and GGCGTCGACTTTTGACTTTGTCACCGATAG. The shRNAs against AS-RBM15 (shAS-RBM15#1: GCCCTTCAAGTAGCTGGG ATT; shAS-RBM15#2: GCCTCCCAGGAGCTGGGATTA) were cloned into the inducible lentiviral vector Tet-pLKO-Puro [53] . To make lentiviruses, lentiviral vectors were co-transfected with envelope vector pMD2.G and packaging vector psPAX2 (Addgene) into HEK293T cells. Viruses were harvested and concentrated with PEG6000 (Sigma, St. Louis, MO). Briefly, one volume of 50% PEG6000 was mixed with four volumes of viral supernatant by rotating for 5 h at 4°C. The virus was concentrated by centrifugation at 1,800 g for 20 min. The pellet was resuspended in cell culture medium. Cells were transduced with concentrated viruses at an m.o.i. 100 in the presence of polybrene (8 lg/ml) for 48 h and then sorted using a BD FACSARIA III cell sorter (for pBGJR lentiviruses co-expressing GFP) or selected with puromycin (1 lg/ml) (TetpLKO-Puro lentiviruses). MIG retrovirus expressing AML1/ETO (A/E) was reported [54] .
Chromatin immunoprecipitation (ChIP)
We performed RUNX1 chromatin immunoprecipitation as we described [55] . Briefly, ten million cells at exponential phase were cross-linked with 1% formaldehyde for 10 min at 37°C. Cells were washed twice with ice-cold PBS and then resuspended in 1 ml of lysis buffer (5 mM PIPES pH 8.0, 85 mM KCl, 0.5% NP-40). Cell nuclei were collected by centrifugation at 400 g for 5 min at 4°C, resuspended in RIPA buffer (1× PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS), and then sonicated with Bioruptor (Diagenode, Denville NJ) for 25 min at 4°C. Supernatant was used for immunoprecipitation with protein A agarose beads (Roche, Indianapolis) and rabbit anti-RUNX1 antibody. After rotating overnight at 4°C, beads were washed four times with RIPA buffer and once with TE buffer (10 mM Tris-Cl pH 7.9, 1 mM EDTA). Immunoprecipitated complexes were eluted by adding 250 ll of ChIP elution buffer (1% SDS, 0.1 M NaHCO 3 ) and 10 ll of 5 M NaCl and then incubated at 65°C overnight for reverse crosslinking. The eluted DNA was used for real-time PCR to detect the RUNX1-bound DNA.
Western blotting
Cells (10 7 cells/ml) were lysed in SDS-PAGE sample buffer and sonicated. Western blotting antibodies are rabbit polyclonal RBM15 antibody [28] , mouse anti-human RBM15 monoclonal antibody (#66059-1-1g, Proteintech, Chicago), and mouse anti-human GAPDH monoclonal antibody (#MA5-15738, Thermo Scientific, Waltham). Proteins were detected with the Immobilon Western Chemiluminescent horseradish peroxidase substrate detection kit (Millipore) and documented using Bio-Rad Chem-Doc instrument.
Flow cytometric analysis (FACS)
Cultured cells were harvested, washed with ice-cold PBS, and then passed through strainers to collect a single-cell population. 
Real-time PCR
Total RNA was prepared using a Direct-zol miniprep kit (Zymo Research, Irvine). cDNA was generated with random hexamer priming using the Verso cDNA synthesis Kit (Thermo Scientific). Realtime PCR assays were performed with Absolute Blue qPCR SYBR Green Mix (Thermo Scientific) using a ViiA 7 system (Applied Biosystems). Primers are listed in Table 1 . GAPDH was used as an internal control for normalization. Relative expression levels were calculated by the ΔΔCt method and presented as mean AE standard deviation from at least 3 independent experiments.
MS2 pull-down assay
AS-RBM15 and its truncations were fused to MS2 RNA. AS-RBM15-MS2 was co-transfected with HA-MS2-binding protein into HEK293T cells. Cells were collected 36 h after transfection, washed twice with PBS, and lysed in H lysis buffer (20 mM HEPES pH 7.9, 300 mM NaCl, 1 mM MgCl 2 , 1% NP-40, 10 mM NaF, 0.2 mM NaVO 4 , 10 mM b-glycerol phosphate, 5% glycerol, 1 mM DTT, and proteinase inhibitors) for 30 min on ice. Cells were spun at 15,000 g for 15 min at 4°C. Mouse monoclonal anti-HA antibody (Thermo Scientific) was used to pull down HA-MS2-binding proteins that recognize MS2 RNA fusions. After overnight incubation at 4°C, beads were washed five times with HA wash buffer (20 mM Tris pH 7.9, 300 mM KCl, 0.2% Triton X-100, 1 mM EDTA, 1 mM DTT, and 0.2 mM PMSF). To detect RNA-RNA interaction, the whole-cell extract was digested with proteinase K and RNA was extracted with phenolchloroform. The purified RNA was denatured by heating to 95°C for 5 min and chilled immediately on ice. An affinity column with HA-MS2BP-bound resins was used to bind MS2-AS-RBM15 in H lysis buffer for 1 h at room temperature. The MS2-AS-RBM15-associated RNA will be lost under heat. Moreover, to detect endogenous RNA-RNA interaction in vivo, we performed an RNase A protection assay. Briefly, MEG-01 cell extract was prepared with H lysis buffer and 2 ll of proteinase K (20 mg/ml) was added to 250 ll of cell extract and incubated 30 min at 37°C. RNA was extracted with phenolchloroform, and 1 lg of RNA was resuspended in 100 ll of RNasefree water and digested with or without 1 ll of RNase A (10 lg/ll) at 37°C for 45 min. RNA was then purified with TRIzol to remove RNase A and subjected to cDNA synthesis. AS-RBM15 exon-specific primers were used to detect the RNA duplex. See Table 2 for primer information.
Polyribosome profile assay
Cells grown at exponential phase were treated with cycloheximide (100 lg/ml) for 30 min. Cytoplasmic extract was prepared in hypotonic buffer (10 mM HEPES pH 7.9 (KOH), 10 mM KCl, 1.5 nM MgCl 2 , 0.34 M sucrose, 10% glycerol, 0.1% Triton X-100, 1 mM DTT, 0.1 mM PMSF, proteinase inhibitor, and Thermo Scientific RiboLock RNase inhibitor) on ice for 5 min. The cell lysate was spun at 1,300 g for 15 min at 4°C. Supernatant was collected and precleaned by centrifugation at 15,000 g for 10 min. Cytosolic extract was loaded on top of a 15-60% linear sucrose gradient in Table 1 
Bioinformatic analysis
All of the reads from RNA-seq data available from the Blueprint Consortium Web site (www.blueprint-epigenome.eu/) and the European Genome-phenome Archive with accession no. EGAD00001000745 were mapped to the human reference genome (GRCh37/hg19) using TopHat (v2.0.13) [56] . The mean insert size and its standard deviation were calculated using Picard (v1.126) (http://broadinstitute.github.io/picard/). The alignment was guided using a Gene Transfer File (GTF version GRCh37.70), and count tables were generated using HT-seq (v0.6.0) [57] . The DESeq (v3.0) package was used for differential expression (DE) analysis. The statistical analyses were performed in R (v3.1.1) (http://www.r-project.org/) [58] . All of the BigWig files were generated using Bedtools (v2.17.0) and bedGraphToBigWig tool (v4) [59] .
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